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WnInxc ,  in 1880, on the  true  nature of the resistance of armour  to 
shot, the  late Mr. John  Scott Russell, F.R.S., said : “ We began 
with  the  old cast-iron  spherical  shot, 8 inches in diameter,  to  which 
a 43-inch plate offered effectual resistance. We next used a  tough 
steel ball, of 1 0  inches  diameter.  These  shot  had sufficient power, 
and were fired with  high  enough velocity to do effectual damage 
to the ship’s side if sufficiently  often repeated;  but  the  armow 
being  improved,  toughened,  and  thickened,  prevented  penetration.” 
Since the period here  referred  to, the  structure  and  material of 
the projectile  have  changed. 

Round  cast-iron  shot  were superseded by  the  Whitworth solid 
punching  projectile. In 1862, Whitworth  obtained  a  patent for 
armour-punching  shells,  which  contained  a  bursting-charge : they 
were of steel,  flat-headed, and rifled. In September, 1862, the 
Warrior target was completely punched at  600 yards  bg  a  Whit- 
worth 130-lb. flat-headed  shell.2 In November, 1863, the first 
Palliser ogival-headed chilled-iron  shot  were tried at  Shoeburyne~s.~ 
This  experiment  marked  a decided advance  in  the  progress of 
projectiles. 

DESIGN. 
Fip. 1-4 represent  the  structure of the shot used for penetration 

up to that period. The modern  armour-piercing  projectile differs 

Transactions  Institution of Naval  Architects, vol. xxi., p. 84. 
Holley, A Treatise on  Ordnance  and  Armor,” p. 182. New York, 1865. 
C. Orde Browne, “Armour and its attack by Artillery,” p. 5. London, 1887. 
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2 CARNEGIE ON THE MANUFACTURE AND EFFICIEX’CP [filinutes of 

little  in  shape from Fig. 4. Many projectiles, with heads of different 
shapes,  have been tried;  but  the ogival  form has given the most 
satisfactory  results,  both a t  normal and a t  oblique  firing. During 
the flight of the projectile the  air offers less  resistance to a  head of 
this form than  to  any other.‘ 

Sincc  1863  numerous  designs  have been brought  out for  armour- 

F+p 4. 

Ay1 

BALL snor WHITWORTH wHlrWoRTn PALLISER 
snor SHELL CHILLED SHOT 

piercing projectiles, differing in both form and material. Fiqs. 5-2 
v 

2 
are of interest  as  showing  what  has bcen attempted  with a view 
to defeat  armour in  its onward progress. The  last  four of these 
(19-22) Rhow designs of caps  intended to overcome difficulties 
arising in oblique  firing. I t  is questionable whether projectiles 
made to all  the designs  shown  have been tested  practically ; and it 
would be interesting to know the penetrative effect  of a  projectile 
such as is shown in Fig. 8. I t  has been found that,  the  simpler 
the  structure of an armour-piercing  projectile, the more efficient it 
proves to be. 

The most important  part of the projectile is the head, and care 
must be taken  that  the  cavity in it is so formed PS to  give a 
uniformly  increasing  section from point to shoulder. Fig. 23 
represents a 12-inch  armour-piercing  shell  approved  for the 
American sea-coast  defence batteries in 1897, which differs only in  
detail from modern projectiles used a t  home and on the Continent. 
In  the  manufacture of the American  shells ‘‘ the manufacturer is 
left a free  hand as to the chemical composition  of the steel and 
its physical  qualities,  except that  the Government  inspector is to 
be  kept  fully informed as to the analyses and  the results of 
physical tests.” 

Holley, ‘‘A Treatise on Ordnance and Armor,” p. 536. 
* The Eflgineer, vol. lxxxiv. p. 504. 
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Fig. 5 shows, attached  to head, a cap carrying a lubricant. Fig. 6,  compound 
shot, the body A cast upon a hard  steel point. Flg. 7, steel tempered shell with 
inner core ; head  made  with  an  increasing radius of curvature towards  point. 
Fig. 8, compound shot with a spiral-shaped  chisel-point; body B free to turn 
on stem C. rig. 9, compound armour-pieroing  projectile. Fig. 10, detachable 
soft-metal  cap. Fig. 11, soft-metal cap. Fig. 12, compound shot with hard 
head  and tough  hollow  body  for  explosives, separated by copper  or leather 
washers. 
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Fig. 13, hard-steel projectile, with iron or  mild-steel jacket. Fig. 14, cap 
fitted round p i n t  of projectile. Fig. 15, cap fitted to cast-steel body, to which 
air-deflector A may or may not be attached. Fig. 16, soft-metal cap. Fig. 17, 
detachable cap. Fig. 18, soft-metal cap, 80 shaped as not to affect range of 
shell. Figs. 19 and 20, caps with cavities for lubricants. Fig. 21, compound 
cap, for use in oblique 5ring; point of cap made of wood, lead, aluminium, 
or like material ; other portion of cap made of soft or hard steel ; strengthening 
h,& may be used  for attachment of cnps. Fig. 22, medium-hard steel point 
screwed into shell for oblique  firing. 
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Proceedings.] OB ARNOUR-PIERCING PROJECTILES. 5 

MATERJAL. 

The  materid now used in  the manufacture of shells is superior 
in  quality  to  that used a few  years ago. Until  recently it was 
not possible to make  cast-steel  projectiles  which could penetrate 
face-hardened  steel.  Improvements in  the  manufacture and treat- 
ment of steel have now rendered  this possible ; and  great credit i8 

Ffg. 23. 

due  to  such men as the  late  Sir  William  Roberts-Austen, K.C.B., 
Messrs. R. A. Hadfiold and J. E. Stead, Professor J. 0. Arnold, 
and  others  in  England, aa well as to similar  workers  abroad, for 
their  researches on alloys of steel, which  have  helped  the manufac- 
turer to produce castings  having  higher  tenacity  and  corresponding 
toughness. The modern  projectile is composed of steel  containing 
carbon associated with one or more of the  following  metals : nickel, 
chromium,  manganese  and  molybdenum. Mr. Hadfield has  given 
the following  typical  proportions of elements  other  than iron in  
shells  which are  air-hardened :-carbon 0.80 per cent., silicon 
0.2 per cent., sulphur 0.04 per  cent.,  phosphorus 0.04 per cent., 
manganese 0.12 per cent., nickel 2-00 per cent., chromium 2.00 
per cent. 

MANUFACTURE. 

Mr. Bruckner of ihe United  States  Navy  says2  truly  that ‘‘ the 
manufacture of shell  is essentially an engineering  problem ” ; he 
might  have  added, “ particularly  in  the case of armour-piercing 
projectiles.” Modern armour-piercing  projectiles  are made froul 
either  forging5 or castings. It can no longer be said that  it  is 
impossible to make sound castings;  and  this fact  has  led  manu- 
facturers  to  take up the production of cast-steel  projectiles, with 
the  result  that  a much  cheaper  projectile can be  made  from the 
casting  than from the  forging;  although  the efficiency of forged 
projectiles still exceeds that of cast. 

Projectiles  which carry  bursting-charges are, as  a rule, called 

* British Patent KO. 6089 of 1901. 
American Machinist, 29th December, 1898. 
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6 CABNIEGIE ON THE MANUFACTURE AND EFFICIEX'CY Cl\linutee of 

shell in order  to  distinguish  them  in  name from those  which do 
not, the latter  being called shot. 

Forging.-Shot are  usually  forged from  ingots, of octagonal or 
circular section, one-and-a-half to one-and-a-quarter  times  the 
diameter of the finished  projectile ; and  the  ingots  are cast of 
sufficient length  to make either  two projectiles or one, according to 
the method of manufacture.  Ingots  are usLdly removed  from the 
moulds while hot, gradually  reheated,  and  then carefully  forged 
under  hydraulic pressure. It is essential that the power of the 
forging-press  should be sufficient  to produce uniform compression 
throughout  the mass ; and the Author  calculates that  the  total 

Fig. 24. Fig, 25. 

pressure  in tons should be approximately  between  eight  and  ten 
times  the  number of square  inches in the cross section of the  ingot 
to be  forged. One-half  to  two-thirds of the  ingot can profitably 
be used ; and  when it has  been  reduced to a  round  bar  slightly 
larger  than  the finished shot, the  points  are formed  between  swages 
and  the  forgings  appear  as  shown  in Figs. 24 and 25, according  to 
the number of projectiles  made  from the  ingot.  They  are  then 
broken  apart  and  annealed  at  a  temperature of between 1,200° and 
I ,51)0° F., after  which they  are  ready for  machining. 

Fig. 26. Fig. 27. 

I n  the  manufacture of forged armour-piercing  shell  with  largo 
cavities, the forgings, as shown in Fig. 25, are  broken  apart,  and 
the  cavity i R  formed by  hydraulic  pressure  with  suitable  punches 
and dies. Fig. 26 represents the shell punched. Where a small 
base-plug is used, the base of the shell is forged, as shown in 
Fig. 27, by  being  upset  in  a die  while the base portion  only of the 
shell is hot. 
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The forging  increases the tenacity of the  wall of a  shell by 
between 20 per cent. and 30 per  cent.; and the increase  has been 
found by  the Author to vary directly  with  the  amount of work 
expended in forging. 

Casting.-Cast-steel projectiles are moulded and cast in many 
ways. The object  ainled a t  is soundness and homogeneity in 
the casting, so that  the 
parts of unequal sec- 
tion  may  not,  owing to 
irregular cooling, be 
unduly  strained,  and 
thereby  rendered  liable 
to crack  after the pro- 
jectile  has been tern- 
pered and hardened. 
The method  generally 
adopted is to cast the 
shell  point  downward, 
as shown in Fig. 28, in 
a similar  way  to that 
adopted in  casting 
Palliser  shell; but  the 
sand composition is dif- 
ferent. The body and 
deadhead of the projec- 
tile  is  cast  in sand, 
and  the  point  partially 
or wholly i n  a chill of 
iron. The mould is 
thoroughly  dried,  and 
the chill is heated and 
coated with a carbon- 
aceous substance, in  
order to ensure a 
smooth surface  on the 
casting.  Chilling the 
point accelerates cool- 
i n g  where  the cross- 
section is greatest,  and 

Fig. 28. 

thus  prevents unsoundness at  the bottom of the cavity.  The 
head H (Fig. 28) also assists in feeding the body, and should be 
of such dimensions as to  ensure soundness. 

Mr. Hadfield has devised two methods of casting  the points of 
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8 CABNEGIE ON THE  MANUFACTURE AND EFFICIENCY [Minutes Of 

shells in chills. Fig. 29 shows one  method, wherein the chill  extends 
from the  point  to  the shoulder,  round  which the  top of the chill 
is scalloped. In Fig. 30 the chill  extends  to B, about  half- 
way between the point  and  the shoulder, the remainder of 
the head being  in sand,  which  gradually  increases in  thickness 
between B and the shoulder. If  the unequal  section of the 
head of a projectile  be examined, it will  be observed that  the 
region of greatest  heat  usually lies between the points C and 
D in Fig. 31. Therefore, in order to produce uniform cooling, 
it is necessary to  have  the  chilling influence  greatest in  the 
region of maximum heat : this  may be done by a  chill such 
as is shown in Fig. 31. It may  perhaps  be  argued that  any 
slight  irregularity in the stresses set up by forced  cooling is 
removed when  the projectiles are annealed ; and  that  the exact 

Fa. 29. Fig. 30. Fig. 31. 

shape of the chill is consequently  not so important. It is 
doubtful, however, whether  annealing  eliminates  entirely  the 
distress produced in the head by forced irregular  cooling;  and 
there  can be no doubt that  annealing cannot remove the spongi- 
ness of the material a t   the  bottom of the cavity,  where  irregular 
cooling takes  place when  the  chill is not used. I n  1893, Mr. R. 
Low devised a method of casting  armour-piercing  projectiles in 
a  mould  containing carbonaceous matter  extending from the point 
t o  the shoulder of the shell,  while the remainder of the body is  in 
sand. When  the shell  has been cast, the mould and  casting  are 
placed in  a furnace in  order to produce surface-hardening  by 
cementation ; and  the degree of carburization is proportional to 
the  time  the mould is kept  in  the furnace. The head  is afterwards 
tempered by cooling in oil. 

Downloaded by [ UNIVERSITY OF IOWA LIBRARIES] on [17/09/16]. Copyright © ICE Publishing, all rights reserved.



Proceedings.] OF ARMOUR-PIERCING PROJECTILES. 9 

AnneaEing.-This is B very  important operation, the value of 
which is not  generally  known.  Cast-steel projectiles are annealed 
in  much the same way aa forged-steel. A pile of castings is 
made on the  hearth of the furnace, and  the  temperature is raised 
gradually  and is maintained a t  between 1,200° and 1,500° F. for 
several  hours, and sometimes  days. I t  is then allowed to  fall 
gradually,  until  the  castings  are sufficiently 0001 to be  handled. 

Muchining.--For cast-steel armour-piercing  projectiles the ma- 
chining-operations are fewer,  and, as a  rule, less expensive, than 
for  those of forged  steel, because the formation of the  cavity  in 
the solid forging is a long operation. Other operations in both 
cast- and forged-steel projectiles are  similar;  but  the cast-steel 
shell  requires the additional  operation of parting  the deadhead 
from the base, after  which  the  cavity is trimmed. 

The body is turned,  and  the head is shaped to correct radius, 
either  by cutting-tools  or  by  grinding. The bases are faced, bored, 
and screwed for the base-plug, after  which  the fuse-hole is bored, 
screwed, and recessed in  the plug.  These  operations  are  carried  out 
in  turret lathes. The groove  for the driving-band is then formed ; 
and  the  shell is adjusted to weight,  stamped, and examined,  before 
t,he  hardening is done. I n  some projectiles the body is left a  few 
hundredths of an inch  large at   the shoulder, until  after  hardening, 
when it is ground correctly to gauge. 

HARDENIBG. 

Perhaps  the most interesting  and  yet difficult process in  the manu- 
facture of projectiles  for  penetration is the hardening.  Numerous 
methods are employed,  many of which are  kept secret  by the manu- 
facturers.  Probably the earliest  was that invented  by  Whitworth 
in 1862. I n  his specification he  states  that  he  converts  or  highly 
carburizes  a  forged-steel bar of homogeneous iron  or  very  mild steel 
4 inch  to 3 inch deep, which then  being dressed and bored, is put 
into  the  ordinary case-hardening  material,  heated to redness, and 
cooled by  jets of water  or brine. He  then  tempers  it  by placing its 
base on a block of metal  heated  to  a  dull  red  heat,  until  a  straw 
colour at   the point, and a blue colour at   the base indicates that it is 
properly  tempered. This is the method he adopted in hardening 
the armour-punching  projectiles  known as  Whitworth projectiles ; 
and  in it can be seen the fundamental  principles of many of the 
later processes for hardening  both plates and projectiles. 

_ _ _ ~ _ _ _  

British Patent No. 1663 of 1862. 
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In  present  methods of hardening  three cooling-mediums are used, 
namely,  water, oil and  air,  These differ in intensit,y of action,  and 
the choice of the one  to be used is determined  by the composition 
of the  material  to be hardened.  Moreover,  each medium  may  be 
varied, water  and oil in temperature,  and  air in  pressure. 

Carbon  steels  are, as a rule,  hardened in water,  or  partly in 
water  and  partly  in  oil;  nickel steels in water,  or  oil,  or in  air 
under  pressure ; chrome-nickel  steels in oil, or in air  under 
pressure ; and  steels  having self-hardening  properties are 
hardened  by  simply  heating  and  allowing  to cool in  air. 
The degree of hardness  obtained  varies  generally  with the 
nature of the material,  the  temperature to which it is heated,  and 
the  rate of cooling. Glass-hardness  or  extreme  softness  can  be 
produced  respectively by suddenly  quenching  material in  cold 
water from  a high temperature,  or  by  slowly cooling it, as  in  the 
process of annealing.  Within  this  range of hardness,  mysterious 
changes  tako place, about  which  lit.tle  definite and reliable informa- 
tion  has been obtained. 

The  principal operations in  hardening projectiles are  heating  and 
cooling. 

Heating.-Heating may be done in several ways, but should be 
gradual,  as  only the point  and part of the body  require  to  be  heated. 
Sometimes the projectile is embedded i n  sand  or fire-clay,  leaving 
exposed to  the  heat  the head only,  which is heated  gradually. 
I n  this  way a large  number of shells  may  be  heated a t  one 
time.  More often the  heating is done in  furnaces  designed for 
the purpose.  Mr. T. I. Tressider devised in 1897 a cylindrical 
furnace, in which the shell is heated while  resting on its base: 
Mr. Hadfield has designed  a  cylindrical  furnace  heated by coke, in 
which  the shell is suspended  point  downward.  Gas-heating under 
air-pressure is perhaps more satisfactory and cleaner,  and can be 
regulated  better. 

During  the  heating of the projectile, i t  can  be  raised and lowered 
in the furnace, in  order to ascertain  by  inspection the colour and  the 
intensity of the  heating.  When once the quenching-temperature  has 
been determined  by the colour test for any  particular  quality of steel, 
that temperature may be  registered  by the pyrometer, and uniform 
results  may be obtained by  the constant  use of that instrument. 
The  Calledar pyrometer, with  which the  Author is most familiar, 
is a  simple  instrument to  use in  the workshop,  when it is shielded 
from  sudden  shocks  or  vibration. The quenching-temperature 
may  range from  1,300' to 1,750" or 1,830" F., the correct  tempera- 
ture being  determined  practically. It would be  useful to obtain, 
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if possible, a  table of hardness  according to  the quenching-tempera- 
ture;  and it might be expected that,  with  the same material 
quenched a t  different  temperatures in  the same  cooling-medium, 
such  a table could be  obtained by ascertaining the compression, in 
tons  per  square  inch, of test-pieces so treated. The  Author  has 
experimented with  this object in view, but  the results  obtained 
have  not shown a  uniformly  increasing  hardness a8 the quenching- 
temperature is raised. 

Cooling.-To plunge  a  hot projectile  point  downward into  brine 
or cold water, and allow i t  to remain until cold, would be  simply 
inviting destruction. A cooling-medium is selected which is suited 
to  the  nature of the material  and the form of projectile to be 
hardened ; and  its action  may  be  intensified by  varying  its  tem- 
perature,  or  both its pressure and its  temperature if i t  be  air. 

In deciding the proper  medium in which a  projectile  should 
be hardened,  chemical  analysis and mechanical tests made on 
specimens from the  wall of one of the projectiles,  should  be taken 
as a guide. Other  minor  tests  serve  as  a  guide  in  regulating the 
application and  intensity of the cooling-medium, which are  very 
important factors in  successful hardening. 

I n  1897 Mr. Tressider devised a  method of hardening pro- 
jectiles by cooling them as they stood on their base, point  upward, 
with a spray of mater  acting  around  and upon the  hot head. 
A similar  method is practised with  the projectile  point downward. 
Usually  the  water is allowed to  act for only a  few  minutes  both 
outside  and  inside  the head, according to  the size and  nature of the 
projectile, which is afterwards toughened by immersion in oil. 

Projectiles  which  are  only oil-hardened are cooled gradually in 
oil-tanks by slowly  lowering  them  point  downward  into the liquid, 
and,  while  doing so, changing  their position in  the tank. The  oil 
may be kept cool by circulation  through cooling-tanks. 

Air-hardening is effected by directing a cold blast upon the 
inside  and outside of the head of the projectile. Mr. Hadfield has 
recently  introduced a method of hardening  shells in  this manner, 
cooling them from a higher  temperature  than is usually necessary 
for  cooling in  water  or oil, a.nd with less risk. 

Another  method of hardening projectiles which  cannot be safely 
hardened in  water  without  risk of fracture, is by placing the  hot 
projectile  point  downward in a lining which fits the head,  and is 
made of material of high conductivity,  such  as coppe?. By circu- 
lating cold water  round  the  lining,  without  allowing it to come 
directly  in  contact  with  the projectile, heat is extracted  rapidly 
from the head. The  principal  advantage of using  such  a  lining is 
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12 CARNEGIE  ON  THE  MANUFACTURE  AND  EFFICIENCY [Minutee Of 

the possibility of varying its thickness from point to shoulder, 
and thus  regulating  the  rate of cooling for any  part of the head 

as desired: in this way tbe  internal stresses  are reduced to a 
minimum. The curves in Fig. 32 show the  rates of cooling in  the 
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foregoing  methods of hardening. The same  projectile  was used 
throughout  the experiments, and  the  temperature  was recorded by 
the Callendar  pyrometer from the  interior of the projectile. 

Testing Projectiles after Hardening.-For the detection of initial 
strains bordering upon rupture  in  the projectile, it  is laid down in 
the specification for American  armour-piercing  shells that U they 
must  be cooled to a temperature of about 40’ F. and  then  suddenly 
heated by being  plunged  into a bath of water a t  a temperature of 
180’ to 212O, as may  be directed. When  thoroughly heated to  this 
temperature,  each  projectile  must  be  plunged, with its axis hori- 
zontal,  half-way into a bath of water at a temperature not greater 
than 40‘ F., and  after a brief period  will be  turned 180’ for  a like 
immersion on the opposite side, after  which  the projectile will be 
removed  from the bath.” Further,  “three days  must  elapse 
between  the final treatment and this test.” They  are also 
subjected to an  internal  hydraulic pressure of 
500 lbs. per  square  inch.  Similar  tests  are Fig 33. 
applied to English-made projectiles, and in 
addition they  are  kept  in  store for several 

. . . .. -. . -10 .*. .._ . . . .ii 

months  before they  are  finally accepted  for 
service. 

The necessity  for  such tests is due  to  the 
unstable  condition of projectiles  for some 
time  after hardening. The difficulty of 
detecting, by observation or by sounding, 
defects which  may  be concealed in  the mate- 
rial, is very  great;  but  such defects are often 

‘ disclosed by hydraulic  testing,  or  reveal 
themselves  when the projectiles are  kept  in  store for a time. I t  
sometimes  happens that, weeks or  months  after a projectile  has 
been tested  under  hydraulic  pressure, it cracks, and  the head is 
thrown off violently from the body. In large projectiles the 
internal force producing  rupture  must be enormous. If, for 
instance, a 12-inch  projectile  cracks  spontaneously through R 

horizontal cross section 10 inches in dialneter  and  parallel  with 
the base of the  shell (Fig. 33), the  ruptured surface  has  an  area 
of about 75 square  inches ; and taking a low  estimate of, say, 
10 tons  per  square  inch  fur the  tenacity of the material at that 
section, it needs a total  stress of 750 tons to rend the head. This 
example  gives some idea of the  unrest in the heads of hardened 
projectiles. To  explain  the cause is not easy;  but from the 

The Eugiwer, vol. lxxxiv. p. tO4. 
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interesting  experiment  carried  out  by  the  late  Sir  William 
Roberts-Austen at  the  Institution '-showing the solidification of 
two  transparent  salts  in solution,  where crystals were formed 
separately  and a t  different  times during  the cooling of the solution 
-some idea  can  be formed of what  takes place during  the cooling 
of steel projectiles, wherein different metals possessing distinct 
and  definite  properties are mixed. 

CAPPED PROJECTILES. 

The cap is always  attached  to  the projectile after  the  latter  has 
been hardened.  Many methods have been devised  for attaching 
Mpecial forms of caps already described under the design of shells : 
the  Johnson cap  which  has come prominently  into  notice is pressed 

into a groove, as shown in Fig. 34. A 
Fig. 34. notch A is made, and  into it part of 

the metal is pressed, which  prevents 
the cap from turning.  This means of 
attachment is simple  and effective. 

EFFICIESCY. 

A projectile's efficiency is proportional 
to its capacity to overcome, without 
injury  to itself, the resistance offered by 
a plate to  perforation. This depends 
not  only upon its shape,  material and 
energy, but also upon its direction in  

relation  to  the plate. A brief reference to  the development of 
armour-plates,  since the introduction of wrought-iron  plates in 
1860, will  enable  a  better  idea  to  be formed as to what is required 
of the projectile. 

I n  187G Messrs. Schneider, of Le Creusot, introduced  steel 
plates. 

Then fullowed the compound steel-faced iron  plate (Wilson, 
Sheffield). 

I n  1889 Messrs. Schneider  made  nickel-steel  plates. 
I n  1889 Harvey face-hardened steel  plates by the cementation 

process. 

" Jamoe Forreat" Lecture, 1902 ; by  Sir W. C, Roberts-Auaten, K.C.B. 
Minutes of Proceedings Inst. C.E., vol. cl. p. 159. 
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In  1891-2, at  the St. Chamond works, chrome-nickel-steel plates 
were made.’ 

In 1893-4  Messrs. Krupp made face-hardened  nickel-chrome- 
steel  plates. 

In  the  past  year (1902)  Messrs. Kmpp have  made face-hardened 
cast-steel  plates,  which they  state ‘& are  practically  equal  to  their 
face-hardened rolled plates.” a The chief advantage of cast  plates 
i s  that  they can be applied in  any form or shape that may  be 
required. 

These advances have made the resisting  value of t h e  modern 
plates  equal to nearly  three  times  that of the wrought-iron  plates 
of 1860. It cannot  be  said that  the efficiency of the projectile, 
even with  the  higher velocities now  obtained,  has increased in  the 
same ratio. 

Through  the  kindness of the  late Mr. F. A. Krupp,  the 
Author is able to  give five photographs  showing the progress 
made during  the  past  10  years  by projectiles, in  their  attack on 
armour-plates. 

Fig. 35, Plate 1, is from a  photograph of a compound plate  15.74 
inches  thick.  Two 12-inch chilled-iron and one  forged-steel shot 
were fired at   this plate on the  14th March,  1892, a t  Meppen. The 
chilled  shot  were wrecked without  cracking the plate. The forged- 
steel projectile  penetrated 19-65 inches, and severely  cracked the 
plate, without  injury  to  itself.  The  ratio K, between the  striking- 
velocity recorded in  this  trial and the  standard perforation velo- 
city for an equal  thickness of wrought-iron, is 1 17 : 1. 

Fig. 36, Plate 1, is from a photograph of a rolled mild-nickel- 
steel  plate  15.74inches  thick. This withstood  four  steel  projectiles 
and one of chilled  iron  fired from a 12-inch gun on the  10th Sep- 
tember, 1892, at Meppen. All the projectiles  were broken. The 
iron shot  was  completely  destroyed, and the steel  projectiles  were 
fractured just behind the shoulder. Their average  penetration  was 
19-45 inches. The  plate  was uncracked. The  ratio K is 1-28  : 1. 

On the  17th  January, 1894, an oil-hardened  nickel-steel plate 
(Fig. 3?), 7 87 inches  thick, received, in  the course of firing-trials, 
three  rounds  from an 8.26-inch  gun, and two from a  5.9-inch  gun. 
The  third round from the 8 26-inch gun waa broken up ; all the 
other projectiles  penetrated  between 10.5  inches  and 11 inches, 

1 E. Dehas. 66Progreas  in the manufacture of Armour Plates from 1889,” 
Mdmoiree de la Soci6t.4 des Ingdnieurs Civile de  France, 1900, Part 2, p. 320, 
and Minutes of Proceedings Inet. C.E., vol. cxliv. p. 370. 

Engineering, vol.  lxxiii. p. 775. 
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and rebounded 80 feet to 125 feet,  ,unbroken. The ratio K is 
1.28: 1. 

Fig. 38 is from a photograph of  one of the first face-hardened 
nickel-chrome-steel plates  made  by Messrs. Krupp. The plate 
was 11 -81 inches thick,  and withstood three forged-steel projectiles 
from a  12-inch gun fired a t  Meppen on the  16th March, 1895, and 
two  9.45-inch  forged-steel  projectiles fired on the 3rd  February, 
1897. All the projectiles  were  completely  wrecked, leaving  their 
points embedded in  the plate. The  third round of the 12-inch 
gun weighed 715 h., and  had a striking velocity of 2,000 feet  per 
second, but  the penetration  was only 6 -  7 inches. The  ratio K 
equals 1 * 81 : 1. The penetration of the  fourth and fifth  rounds 
of the 9.45-inch  projectile could not  be  measured. The ratio K 
equals  1.98 : 1. 
On the 2nd April, 1902, a face-hardened  nickel-chrome-steel 

cast  plate received five shots from a 5 -9-inch  gun fired a t  Meppen. 
Fig. 39 is fsom a photograph of the plate, and shows that  the 
forged-steel bhot, which  weighed  112.404  lbs., and  had  striking- 
velocities ranging from 1,762 feet to 1,896 feet  per second, were 
completely  broken without  cracking the plate. Their penetrations 
ranged from only 1.37 inch to 2.36  inches. The  ratio K ranges 
from 1-61 : 1 to 1.8 : 1. 

From  the brief summary of these  resuIts  given in  TabIe I. 
extending  over 10 years, it will be  seen that,  while the velocities 
have increased, the projectile  has spent more  of its energy in 
breaking  itself  than  in  penetrating  the armour. The figures in  the 
column  headed K give  the  ratio between the  striking-velocity 
in the firing-trials and the perforation  velocity  for an equal 
thickness of wrought  iron,  calculated on the basis of the  Jacob 
de  Marre formula. 

While K shows an increase  from 1.17 : l to  1.8: 1 in 10 years, 
this is hardly it true indication of tbe increase of resistance 
offered by  the plate. The velocity of the projectile  which pene- 
trated  the compound plate  19 65 inches  was 1 17 times that 
required to perforate 15.74  inches of iron. The velocity of the 
shot  which  penetrated the nickel-chrome-steel face-hardened  cast 
plate 2 3 inches  was 1 * 8 times that required to perforate 5 9  inches 
of iron. It was  stated  that 15.1  inches of iron could have been 
perforated by the round whose velocity-ratio  was 1 * 8 : so that  the 
resistance of the  plate was 2 . 5 6  times that of an iron plate  5.9 
inches  thick. 

On comparing the above results with those  obtained from plates 
made by Messrs. Schneider & Co. during practically the same 
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period, it appears that  an almost  equal  advance  has been  made in  the 
resistance offered by  their plates. Writing  in 1898 Mr. Delmas 
said, "For plates  attacked  by  12.6-inch  guns,  the  relative velocity 
imposed is 1.12 in  1893,1.51  in  1894,1-56  in 1897, and 1.66 in 
18%. So from  these figures the  result is, for example, that of two 
plates of the same  thickness  attacked  by  9.45-inch  guns, one  made 
in 1889 and  the  other of recent  manufacture, the  latter resists an 
attacking velocity  superior by 55 per  cent, to the attacking velocity 
of the former." 

The above velocity-ratios are  in relation to a unit velocity, 
determined  by Colonel Jacob de Marre  from  actual  trials by  firing 
steel projectiles a t  homogeneous  steel  plates  made in  the  works of 
Messrs. Schneider,  and  may  be  compared  with H, in  Table I., 
which is  the  ratio  between  the  striking-velocity recorded in  the 
trials  and  the  standard perforation-velocity  for an equal  thickness 
of ordinary  mild steel. 

Figs. 40 and 41 are from photographs of two  armour-plates 
made by the  Bethlehem Steel Co., and  recently  tested on the 
United  States  Government  proving-grounds,  with a view to  the 
ameptance of groups of plates  which they represented. The plates 
were  not in  any sense experimental,  nor was their resistance over- 
come, as the  illustrations show. 

Fig. 40 is a lz-inch  plate  which received three  12-inch  steel 
projeotiles, each weighing 850  Ibs., on the 24th September, 1901. 
The highest  striking-velocity  was 1,723 feet  per second, and  the 
energy of the projectile at  the  instant of impact  was 17,514 foot- 
tons;  the  penetration was only  4.5 inches,  wrecking  the  projectiles 
entirely  without a crack  in  the plate. 

Fig. 41 is  a 6-inch plate fired a t  on the  27th March, 1902. The 
projectiles  weighed  100 lbs. each, and had velocities ranging 
from 1,886 feet  to 1,893 feet  per second ; the  depth of penetration 
was  between 1.1 inch  and 1 * 6 inch, and  all  the projectiles  were 
broken  without  cracking  the  plate. 

I t  is therefore  evident that  in  Germany,  France, America, and, 
it may safely be said, i n  England,  where  the  Erupp process is 
adopted  by  the principal firms, a t  normal  impact an uncapped 
projectile  cannot  perforate a modern armour-plate whose thickness 
is  equal to  the  diameter of the projectile. 

Within  the  last few yeare  an old practice has been  revived, 
namely, that of fixing a soft-iron or steel  cap to the  point of the 
projectile, and  thereby  making i t  more  efficient a t  normal impact. 

I For these photographs the Author is indebted to the  Bethlehem Steel CO. 
[THE INST. C.E. VOL. CLIII.] C 
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Russia is credited with  having  experimented  with capped pro- 
jectiles  over a quarter of a century  ago ; and the Ordnance  Depart- 
ment in  this  country  tested  and condemned capped  projectiles 
in  1879. In 1894, public  trials  were carried  out by Russia with 
an improved  description of armour-piercing projectiles, which  were 
facetiously  described as magnetic.' Since then, many  forms of caps 
have been tried, with a view to make the projectile more effective. 

Tn some manner  not yet  fully explained, the cap  favours the 
passage of the projectile through  the  hard face. It is supposed 
that  the cap  may  break the cemented coating, and make  bare the 
plate  at  the point of impact ; but perhaps it is more effective a t  
the  instant of impact in diminishing  somewhat the sudden violence 
of the blow, which  tends to shatter  the body of the projectile the 
moment it strikes  the plate. It is thought  by some that  the cap 
acts a,s a  lubricator,  and  that,  by being  driven before the pro- 
jectile, i t  melts  with  the ext,reme heat generated, and  hinders 
the  hard cemented  portions of the  plate from  scoring the head 
of the projectile, thereby  diminishing the resistance to its 
passage. No doubt it protects  and  supports  the  point of the 
projectile, thus enabling it to penetrate more easily. What- 
ever  may  be  the reason for  the  superior  results of capped 
Over uncapped  projectiles, tho  fact  remains  that  France, Russia, 
Germany and America have  introduced them ; and a t  home, as well 
as abroad, it has been  found that  the efficiency  of the capped 
projectile  considerably exceeds that of the uncapped. The recent 
trials o f  the  Johnson  capped  shot  and  shell a t  Eskmeals on tho 
9th  and 23rd  May, 1902, have  demonstrated beyond question the 
value of the capped  projectile  fired with normal  impact. 

Fig. 42, Plate 1, is from  a  photograph of a 12-inch  Vickers K. C .  
phte, which  was  attacked by Vickers  6-inch and 7.5-inch  guns, 
with capped and  with uncapped projectiles. The first  three 
rounds  were fired at  this plate on the  9th,  and  two more  rounds 
on the 23rd Nay,  with  the  results  given on p. 21. 

Fig. 4 3  is from  a  photograph of a  &inch  Bickers K, C .  plate, 
fired a t  on the 23rd May,  1902. Two 6-inch and one 7-5-inch 
projectiles  were fired, particulars of which  are  given on p. 19. 

These  remarkable  results  clearly  and  convincingly  prove the 
value  of the capped projectile. Referring  to the trials, Ertgineering 
says: 4' With  the 7 -5-inch  gun on these  trials shells  were used 

2 For the originals of Figs. 42-44 the Author is indebted to Rfesers. Tickers, 
1 P. X .  Staunton, Bngimcring, vol. lxxi. p. 336. 

a Vol. lssiii. p.  718. 
sons, and Maxim. 
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velocity corresponding to a range of 2,500 yards. It may be thus 
taken  that  such a gun  using  lyddite  shell  with a  Johnson cap 
could perforate the water-line  armour of all  the  battleships of the 
U Canopus ” and  Duncan ’’ clwses, as well as  all  the arn:moureil 
cruisers  we  are now building;  making a very considerable hole, 
and  causing  much  internal destruction.” 

Fig. 44 is from a photograph of a capped  G-inch armour-piercing 
shot  which  has passed through a 6-inch Erupp cemented  plate ; 
it shows the circular groove by which  the  cap is attached  to 
the shell. 

It is estimated that even with moderatc velocities the projectile’s 
penetrative effect is increased 30 per cent. by  the u6e of the 
cap. 

The Tables appended  show a t  a glance the comparative  value of 
capped and uncapped projectiles. Table II., for  which the Author is 
indebted to Mr. John F. Meigs, Engineer of Ordnance to the  Beth- 
lehem  Steel Co., U.S.A., shows the  standard calculated  perforations 
of armour-plate with normal  impact at several  ranges. Mr.  Meigs 
says, While  this  table of perforations is, of course, open to a 
little bit of doubt, from the variation of the  quality of armour- 
plates and armour-piercing  projectiles,  yet, in our  experience, it 
has  usually been about  correct. It irJ calculated  from  a considerable 
number of shots,  covering  wide range  in thickness of armour-plate 
and  in velocity of projectile.” 

Table 111. is deduced from Table II., and  shows the efficiency- 
ratio of capped and uncapped  projectiles at   the different  ranges : 
it will be  observed that  there is little difference in the ratio at. 
different  ranges, and  that  the mean  increase in perforation due 
to  the use of the cap is 25 per cent. 

Table IV. is also deduced from Table II., and shows the 
penetrative effect of capped and uncapped projectiles, measured 
in  calibres, at   the different velocities. As would be expected, the 
penetration  increases  with the velocity of the projectile, although 

does not vary much, W being the  weight of the projectile in F 
pounds and D its diameter i n  inches. 

By the kindness of the  late F. A. Krupp, the Author  is enabled 
to give Table V., showing the  penetrating  capacity of armour- 
piercing projectiles. The figures, it is stated, are calculated on 
the basis of results  actually obtained in experimental  firing. 

Table VI. is deduced from Table V., for comparison with  the 
American standard  (Table IV.). 

All  these  Tables,  however,  relate to firing at normal impact. SO 
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far as is known a t  present, the capped projectile is no more  efficient 
than  the  uncapped  at  oblique  impact ; and since it has been esti- 
mated’ that “ out of every  ten shots  fired  from a moving ship at  sea, 
about  two  may be expected to  hit a ship a t  rest,’’ and  that ‘‘ of those 
two  shots that  hit  the  stationary hostile ship  but  a  very  small pro- 
portion-a decimal proportion-will be found to strike  the side a t  
right angles,” the importance of improving  armour-piercing  pro- 
jectiles in order  to increase  t.heir efficiency at  oblique impact 
cannot be over-estimated. 

The  Paper  is accompanied by  two  tracings  and ten photographs, 
from  which  Plate 1 and  the  Figures  in  the  text  have been 
prepared. 

I Transactione Institution of Naval Architects, vol. xviii. p. 132. 

[APPENDIX. 
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TABLE VL-DEDUCED FRON TABLE 11. FOR COMPAI~ISOS WITH AMERICAN 
STANDABD (TABLE IV). 
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i i 0  
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